Magnetic skyrmions, which are topological particle-like excitations in ferromagnets, have attracted a lot of attention recently. A magnetic skyrmion has the topological number ±1, and hence it shows the skyrmion Hall effect. We propose a skyrmion which has no topological number and yet is topologically protected in antiferromagnets. We refer to it as an antiferromagnetic (AF) skyrmion. We propose two methods of creating it: one is to inject a spin-polarized current perpendicularly and the other is to convert an AF domain-wall pair to it. We demonstrate that an AF skyrmion can be driven by spin-polarzied current. The AF skyrmion can travel very long distance since there is no skyrmion Hall effect. Our results will open a new field of skyrmions in antiferromagnets.
Skyrmion is a topologically protected soliton in continuous field theory. Recently it is realized in bulk noncentrosymmetric magnetic materials [1, 2] or interface [3] , where the ferromagnetic background is described by the nonlinear sigma model with the Dzyaloshinskii-Moriya interaction (DMI) [4] . The study of magnetic skyrmion is one of the hottest topics in condensed matter physics [5, 6] . There are several ways to create magnetic skyrmions, that is, by applying spin polarized current to a nanodisk [7, 8] , by applying the laser [9] , from a notch [10] and by the conversion from a domain wall (DW) pair [11, 12] . A magnetic skyrmion can be driven by the spin-polarized current [13] . However, it does not move parallel to the injected current due to the skyrmion Hall effect, since its topological number is ±1. Then, it is broken by touching an edge.
It is an intriguing problem if there exist a skyrmion which is topologically protected and yet shows no skyrmion Hall effect. The aim of this Letter is demonstrate that such a skyrmion is possible in antiferromagnets. We refer to it as an antiferromagnetic (AF) skyrmion.
Recently, antiferromagnets emerge as a new field of spintronics [14] [15] [16] . A one-dimensional topological soliton in antiferromagnets is an AF-DW [17] . An AF-DW can be moved by spin transfer torque (STT) induced by spin polarized current or spin waves [18, 19] . There is so far no realiza- tion of skyrmions in antiferromagnets.
In the AF system we may decompose the lattice into two sublattices so that the spins of the ground state are perfectly polarized in each sublattice. It is possible to construct a skyrmion in each sublattice. It is topogogically protected since it has the topological number ±1. Now, an AF skyrmion is a combination of these two skyrmions on the sublattices. It has no magnetization and hence shows no spin Hall effect. We also present methods to create an AF skyrmion: One is applying spin polarized current perpendicularly to a disk region, which flips the spin in the applied region. The other is a conversion from an AF-DW pair in junction geometry as in the case of the conversion of a ferromagnetic skyrmion from a ferromagnetic DW pair [11] . Furthermore, we show that it is possible to move an AF skyrmion by applying spin polarized current. The AF skyrmion can travel very long distance without touching edges. Our results will open a new field of antiferromagnet skyrmions.
AF System. We investigate the AF system with the Hamiltonian,
where m i represents the local magnetic moment orientation normalized as |m i | = 1, and i, j runs over all the nearest neighbor sites. The first term represents the AF exchange interaction with the AF exchange stiffness J. The second term represents the DMI with the DMI vector D. The third term represents the perpendicular magnetic anisotropy with the anisotropic constant K.
We investigate the system (1) on the square lattice, which is a bipartite lattice composed of A sites with m A (i) and B sites with m B (i). Due to the AF exchange interaction, the directions between the neighboring sites are almost opposite m A (i) −m B (i) for all i. We define the magnetic moment n i by
We find n A (i) n B (i) from m A (i) −m B (i). It defines the mapping from the AF system made of m i to the ferromagnetic system made of n i .
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The AF system is mapped onto the ferromagnetic system,
The exchange stiffness J and the DMI vector D are inverted by this mapping. AF skyrmion and topological stability. The classical field n(x) is introduced for the spin texture in the ferromagnet system by considering the zero limit of the the lattice constant, a → 0. The ground-spin texture is n = (0, 0, 1). A magnetic skyrmion is a spin texture which has a quantized topological number. Spins swirl continuously around the core and approach the ground-state value asymptotically. The skyrmion is characterized by the Pontryagin number Q, which is the topological number in the planar system,
We obtain Q = 1 for a skyrmion in a sufficiently large area.
Even if the skyrmion spin texture is deformed, its topological number does not change, as far as the boundary condition is not modified. It can be neither destroyed nor separated into pieces, i.e., a skyrmion is topologically protected. Thus the stability of a skyrmion in the ferromagnetic background is well established. By making the inverse mapping of a skyrmion spin texture, we obtain an AF skyrmion in the AF system (1), which is illustrated in Fig.1 . We may also consider the problem as follows. We introduce the two classical fields m A (x) and m B (x) from m A (i) and m B (i) in the continuum limit. Then, we evaluate the topological numbers Q A and Q B by using m A (x) and m B (x) in the formula (4) . Recall that the concept of a skyrmion is independent of the Hamiltonian. It depends only on the spatial dimension and the continuity of the field. The AF system contains two spin textures m A (x) and m B (x) which are topologically protected. Their forms are identical except for the sign, m A (x) = −m B (x) = n(x), due to the AF exchange interaction. It follows that Q A = −Q B . The actual form of a skyrmion is obtained by solving the Landau-Lifshitz-GilbertSlonczewski (LLGS) equation.
LLGS equation. We apply a spin current perpendicularto-plane (CPP) injection [13, 20] . We numerically solve the LLGS equation, which governs the dynamics of the magnetization m i at the lattice site i.
where
∂m is the effective magnetic field induced by the Hamiltonian (1), γ is the Gilbert gyromagnetic ratio, α is the Gilbert-damping coefficient originating from spin relaxation, β is the Slonczewski STT coefficient, β is the outof-plane STT coefficient, and p represents the electron polarization direction. Here, β = | µ0e | j|p| 2dMs with µ 0 the vacuum A m −2 , P = 0.4, along −z) current pulse perpendicularly injected into the nanodisk in a circle region with different sizes followed by a 1-ns-long relaxation (also see Supplementary Movie 1). The spinpolarized current injection region is denoted by the blue circle, of which the diameter equals 30 nm, 40 nm, 50 nm, respectively. The size of all AF skyrmions is found to be identical. magnetic permittivity, d the film thickness, M s the saturation magnetization, and j the current density. We take −z direction for creating the AF skyrmion, while −y direction for moving the AF skyrmion. The STT is induced either by injection from a magnetic tunnel junction polarizer or by the spin Hall effect [13, 21] . We can safely apply this equation for the AF system since there is no spatial derivative terms.
On the other hand, in the case of a current-in-plane (CIP) injection, there appear spatial derivative terms in the LLGS equation,
The CIP injection is not applicable as it is since the spatial derivative take a very large value in the AF system.
Modeling and simulation. The micromagnetic simulations are performed using the Object Oriented MicroMagnetic Framework (OOMMF) including the DMI extended module [13, [22] [23] [24] [25] . The time-dependent magnetization dynamics is governed by the LLGS equation including spin torque [26] [27] [28] [29] [30] . The average energy density E is a function of M , which contains the exchange energy, the anisotropy energy, the applied field (Zeeman) energy, the magnetostatic (demagnetization) energy and the DMI energy. For micromagnetic simulations, we consider 0.4-nm-thick cobalt nanodisks and nanotracks on the substrate. The intrinsic magnetic parameters are adopted from Refs. [6, 13] : the Gilbert damping coefficient α = 0.3, the gyromagnetic ratio γ = −2.211×10 ples are discretized into cells of 1 nm × 1 nm × 0.4 nm in the simulation, which is sufficiently small to ensure the numerical accuracy. We set the time step to 0.01 ns. The Zeeman field is set zero because the AF skyrmion, having no magnetization, is insensitive to it. Creation of AF skyrmion by vertical spin current. We employ a CPP injection with a circular geometry in a nanodisk. We show the spin configuration of an AF-skyrmion obtained numerically in Fig.2(a) . It is relaxed to the optimized radius irrespective of the injected region after switching off the current injection, as shown in Fig.2(b) .
There is a threshold current density and a threshold DMI to create an AF skyrmion, as shown in Fig.3(a) . It is natural that spins cannot be flipped if the injected current is not strong enough. On the other hand, the threshold DMI is understood as follows. The energy for various magnitude of the DMI is shown in Fig.3(b) . The energy of the AF skyrmion becomes lower than that of the uniform antiferromagnet for D > 5.5mJ m −2 , which is the threshold value. The time-evolution of an AF skyrmion from the AF ground state is shown in Fig.4(a) , where a CPP injection induces spin flipping at the current injected region. When we continue to apply the current, the spins continue to flip. Once we stop the current, the dynamics of spin is frozen and an AF skyrmion is nucleated in an abrupt manner (See also Supplementary Movie 1). Note that there is nonzero skyrmion number inherent to the AF background state, which is due to the tilts of magnetization at edges caused by the DMI. It is −0.1827 for the A sites. By subtracting this from the AF skyrmion in the A sites, we find Q A = 0.9865, which is almost 1. Similarly we find Q B is almost −1.
Here we will explain how the CPP injection can create an AF skyrmion. When the injected current is strong enough, the spin is forced to flip by 180 degree within a disk. Hence all spins are pointing downward within the current injected region. By switching off the CPP injection, the DMI and the AF exchange force begins to operate. Then, the spins on the A sites must form a skyrmion with Q A = 1 just as in the case of a ferromagnet skyrmion. Simultaneously, the spins on the B sites must form a skyrmion with Q B = −1. Such a skyrmion formation occurs dynamically when D > 4.5mJ m −2 because its energy is lower than the ground-state energy: See Fig.3(b) .
The AF skyrmion can be created by vertical current injection polarized along either the +z or the -z direction as shown in Supplementary Movie 2.
Creation of AF skyrmion from an AF-DW wall pair. A ferromagnetic skyrmion can be created from a DW pair using a junction geometry [11] . We show that a similar mechanism works in creating the AF skyrmion as shown in Fig.5 . We first make an AF-DW pair through the CPP injection with −z direction. The AF-DW pair is shifted by applying a spinpolarized current through the STT on AF-DW [31] as shown in Fig.5 . (See the process from t = 10 ps to t = 20 ps in Fig.5 ). Here we consider the vertical injection of a spin current polarized along −y. The CPP injection moves the AF-DW in the rightward direction. When the AF-DW arrives at the junction interface (t = 20 ps), both the end spins of the DW are pinned at the junction, whereas the central part of the DW continues to move due to STT in the wide part of the nanotrack. Therefore, the structure is deformed into a curved shape and an AF-skyrmion texture forms at t = 30 ps. This process is analogous to blowing air through soapy water using bubble pipes or plastic wands to create soap bubbles. The skyrmion will break away from the interface when the bulk of its structure continues to move rightward as shown at t = 40 ps. By continuously "blowing" AF-DW into the junction, a train of AF skyrmions is generated.
Current driven motion of AF skyrmion in a nanotrack. We can move the AF skyrmion by the CPP injection as in the case of the ferromagnetic skyrmion. We show the relation between the magnitude of the injected current and the velocity in Fig.6 . The velocity is proportional to the injected current.
It is known that the ferromagnet skyrmion driven by the spin Hall current can be easily destroyed by the sample edges due to the Magnus force, i.e. a spin Hall current with spinpolarization along ±y will induce a finite velocity of skyrmion along ±y in addition to the velocity along x. Therefore the maximum velocity of skyrmion in ferromagnetic nanotrack is typically much less than 10 3 m/s, limited by the confining force of ∼ D 2 /J [32] .
On the other hand, there is no skyrmion Hall effect for the AF skyrmion since it has no magnetization. The AF skyrmion can move 4 µm (this number is only limited by the simulation time) in nanotrack without touching the edge. In Fig.6 we compare the AF and ferromagnetic cases as shown in Supplementary Movie 4, where a chain of encoded AF skyrmions moves in a nanotrack with a speed of ∼ 1700 m s −1 driven by vertical current without touching edges. The velocity of AF skyrmions can be very large compared to ferromagnetic skyrmion, which is suitable for ultrafast information processing and communications. See also a demonstration of a steady motion of AF skyrmions in Supplementary Movie 5, where they move in a thin film without boundary effect driven by vertical spin current. This highly contrasts with the case of ferromagnetic skyrmions, where skyrmions do not move parallel to the current direction. See Supplementary Movie 6. 
